The products of explosive volcanic eruptions, in particular, volcanic ash, can pose a severe hazard to, for example, international aviation. Detecting volcanic clouds and monitoring their dispersal is hence, the subject of intensive current research. However, the discrepancies between the different available methods lead to detected cloud altitude with significant uncertainties. Here we show the results of an algorithm developed explicitly for high vertical resolution detection of volcanic cloud altitude by using the Global Navigation Satellite System radio occultation (RO) observations. Analyzing the energetic Kasatochi eruption of August 2008 in a case study, we find the volcanic cloud altitudes detected with RO in good agreement (within~1 km) with cloud altitude estimations from Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) lidar backscatter images in the 4 h range between RO and CALIOP acquisitions. The tracking by combined RO and imaging of the volcanic cloud evolution during the weeks after the eruption indicates a promising potential for operational global cloud altitude monitoring.
Introduction
On 7-8 August 2008, the Aleutian Arc was home to several energetic explosive eruptions from the Kasatochi volcano with a Volcanic Explosivity Index (VEI) of 4. On 7 August at 22:01 UTC, 8 August at 01:50 UTC, and 8 August at 04:35 UTC, three main pulses were defined via the detection of seismic and acoustic signals; the second pulse was the most energetic according to acoustic analysis [1] . The explosions emitted gas and ash plumes reaching up to 13.7 km above sea level (a.s.l.) and thus, into the local stratosphere [1, 2] . Satellite retrievals estimated between 0.3-2.7 Tg of sulfur dioxide (SO 2 ) and about 0.3-0.5 Tg of volcanic ash emitted [3] [4] [5] [6] . Given the large amount of gas and ash injected in the atmosphere, air traffic in the North Pacific was disrupted for several days [7] . The emission reached the stratosphere, and the subsequent volcanic cloud (VC) dispersed widely over several hundred kilometers from the source. The VC drifted eastward reaching Europe and Svalbard on August 15 and later Japan, always between 30 • N and 90 • N latitude [4, 8] .
The Kasatochi eruption became subject of numerous studies, which focused on the retrieval of source parameters (e.g., [9] ); the detection of the VC in the atmosphere from satellite-based (e.g., [4, 10] )
The extension of the VC dispersion after the eruption has been defined using acquisitions from the Atmospheric Infrared Sounder (AIRS), the Infrared Atmospheric Sounding Interferometer (IASI), and the Global Ozone Monitoring Experiment-2 (GOME-2).
AIRS is a hyperspectral instrument on board of the AQUA polar-orbiting satellite. The AIRS swath width is 1650 km allowing a daily full disk coverage with a spatial resolution of 13.5 km at nadir and 41 × 21 km resolution at scan extremes [13] . SO 2 is detected using infrared channels centered near the 7.3 µm absorption peak at both day and night. The detection method relies on a correlation between the spectral shape of a library absorption profile and a measured spectrum and works well for SO 2 that has been lofted high into the atmosphere, where water vapor is less abundant. Several studies have been conducted comparing the retrieval to other techniques [6, 28] , and agreement is generally found within 10-30%. The typical retrieval error for a single AIRS pixel is ±6 DU [29] .
IASI is an infrared Fourier transform instrument on board of the MetOp-A polar-orbiting satellite. The IASI swath width is 2200 km allowing a daily full disk coverage with a spatial resolution of 12 km at nadir [5, 30] . The algorithm for retrieving SO 2 is based on the spectral measurement in three different bands [31] . The measured signal is converted into SO 2 vertical column density (VCD) by making use of look-up tables and operational pressure, temperature, and humidity profiles. The ash index product from IASI is based on a three-step approach, which includes; (1) the calculation of spectral distance according to the ash reference spectra, (2) the identification of ash with very strict criteria, and (3) completion of ash detection with low and medium levels of confidence in the neighborhood of a pixel with high level of confidence. The approach ensures a very low false detection rate (for more details see [32, 33] ). GOME-2 is an ultraviolet and visible spectral range sensor also on board of the MetOp-A polar-orbiting satellite. The GOME-2 swath width is 1920 km allowing a daily full disk coverage with a spatial resolution of 40x80 km at nadir [34] . The SO 2 retrievals from GOME-2 [35] use a differential optical absorption spectroscopy technique [36] . The SO 2 concentration integrated along the mean optical light path in the atmosphere is converted into SO 2 VCDs using an air mass factor from radiative transfer models and assuming hypothetical atmospheric layers representative of different scenarios of emissions. For the SO 2 VCDs used in this study, an SO 2 plume in the lower stratosphere (~15 km) is considered.
AIRS and IASI data are also commonly used to distinguish between the presence of ash and SO 2 . However, for the current work, we use all available data only for defining the area occupied by the VC, regardless of the type of volcanic aerosol.
Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP) Data
We have used vertical backscatter distributions (CAL_LID_L1, version V4 standard level 1 product in the 532 nm wavelength and the CAL_LID_L15 version V1 standard level 1.5 product in the 532 nm wavelength) acquired by the Cloud-Aerosol LIdar with Orthogonal Polarization (CALIOP) on board the CALIPSO satellite to estimate the VC altitude at high vertical resolution and validate our estimations with GNSS RO. CALIOP has a vertical resolution of 60 m and a horizontal resolution of 1000 m between 9-20 km [37] . We have used as reference the backscatter, instead of the CALIPSO cloud mask, to get a higher sensitivity and resolution on the cloud detection. The cloud top and bottom altitudes were manually retrieved selecting the altitude of the highest and lowest pixels within the cloud having a backscatter value larger than the background noise.
GNSS RO Data
GNSS RO is an active limb sounding method that uses a satellite-to-satellite link. Radio signals travel from the transmitter satellites to a receiver on a Low Earth Orbit (LEO) satellite. The signal propagation is influenced by the Earth's refractivity field, and thus, it provides a vertical scan of the entire troposphere and stratosphere within about one minute [22] . Generally, the vertical resolution ranges from near 0.1 km in the lower troposphere to about 1 km in the stratosphere [22, 38] . We used RO bending angle (BA) data processed by the Wegener Center for Climate and Global Change (WEGC) with the Occultation Processing System (OPS) version 5.6 that includes a combined geometric optics and wave optics retrieval [39] , with transition from geometric optics to wave optics near or somewhat below the tropopause. This retrieval approach yields a vertical stratospheric resolution of 0.5 to 1 km and low noise level [40] . In 2019, Zeng et al. showed that the effective vertical resolution of RO measurements in the upper troposphere and lower stratosphere is about 0.2 km near the tropopause and about 0.5 km in the lower stratosphere at low to mid-latitudes [41] . The best resolution of 0.1 km is found at the cold-point tropical tropopause. At high latitudes, the effective resolution is about 0.2 km at 10-15 km to about 1.4 km at 22-27 km [41] .
Several GNSS RO missions are available from the time of the eruption of 2008. In particular, we used data collected by the CHAllenging Minisatellite Payload (CHAMP, [42] ), the Satélite de Aplicaciones Cientıficas (SAC-C, [43] ), the Gravity Recovery And Climate Experiment (GRACE-A, [44, 45] ), the FORMOSAT-3/COSMIC [21] , and the EUMETSAT/METOP missions [46] . According to Scherllin-Pirscher et al. [47, 48] , RO data acquired from the different missions are highly consistent (0.2 K agreement on temperature values between 4 to 35 km); thus, data inter-calibration or homogenization is not a necessary step [49, 50] .
Collocations of Satellites and RO Profiles
First, we collocated spatially ±0.2 • and temporally ±12 h all the RO profiles available in August 2008 with the volcanic aerosol maps provided by AIRS, IASI, and GOME-2 acquisitions using an ad hoc Matlab algorithm. The selection provided an initial dataset of 3700 RO profiles collocated with the Kasatochi VC from eruption day until the end of August. However, we focused on the detection of the VC altitude with high accuracy. Thus, we ran the second round of collocation in the same spatial and temporal range between the 3700 RO profiles collocated with the VC and the 10 s increment CALIOP tracks for August 2008. The second and final round provided a dataset, which includes a total of 28 RO profiles collocated with volcanic aerosols from the Kasatochi eruption with high confidence (see Tables S1 and S2 in Supplementary Material for details). Note, that we did not collocate all the RO profiles available for August 2008 on CALIOP tracks directly because the resulting dataset would have included many profiles outside the VC, requiring a time-consuming manual check of the presence of volcanic aerosol on CALIOP backscatter images. In fact, to the knowledge of the authors, a detailed database containing spatial and temporal information about volcanic aerosol retrieved by CALIOP does not exist to date for any volcanic eruption.
The collocations are fundamental to validate our altitude estimations at this stage because RO is a blind technique in the sense that it cannot differentiate between cloud types, i.e., VCs or meteorological convective clouds, as it detects changes in the atmospheric density structure from ray bending. However, once the cloud type is determined, RO provides accurate information on cloud altitudes from vertically high resolved BA anomalies relative to the climatological background.
Estimation of the BA Anomaly
The BA reference climatology for the area of interest was calculated based on 10 • latitude bands using the whole dataset of RO available from 2001 to 2017. In this way, we have obtained highly prominent anomaly peaks, more prominent than for example using a climatology calculated on a 2.5 • × 2.5 • grid resolution (see a comparison of the same BA anomaly profile calculated with the two different climatology method in Figure S1 in Supplementary Material). Following the methodology described in [27] , the anomaly was estimated by subtracting the RO reference climatology profile from the individual RO BA profile collocated with the VC and normalized with respect to the reference climatology profile. The resulting anomaly is expressed in percentage, and a prominent peak in the BA anomaly defines the altitude of the VC.
For this case study, we have used an automated peak determination algorithm setting a minimum threshold of 5% in peak prominence, with respect to the local minimum just before and just after the peak (Figure 1 ). We focus on the injection of volcanic aerosol in the upper troposphere and lower stratosphere, since, at this altitude, the volcanic aerosol is more likely to be transported far from the source and for a long time after the eruption. Moreover, Kasatochi injected volcanic aerosol up to 10-11 km as estimated by, e.g., [3] and up to 13.7 km according to GVP reports, e.g., [2] , at the beginning of the eruption. Thus, the algorithm has an imposed lower limit of 10 km, which also helps to avoid the detection of peaks related to the higher water vapor variation in the lower troposphere and the more pronounced presence of meteorological clouds (Figure 1 ). Furthermore, the VC of Kasatochi was generally detected in separate layers between 10 km and up to 19 km in the days and weeks after the eruptive event [14, 51] . Ground-based retrievals on 1 September 2008 detected three distinct layers with properties relatable to the Kasatochi's volcanic aerosols at 10-12 km, 14-15 km, and 17-17.5 km, respectively [8] . Figure 4c . The y-axis represents the altitude in km above sea level (a.s.l.), while the x-axis represents the BA anomaly expressed as a percentage with respect to the reference climatology. The peak corresponding to the volcanic cloud is highlighted with a star, while the arrows indicate the local minima that the algorithm uses to detect the peak. Figure 2 presents the Kasatochi's VC altitude estimations using the GNSS RO BA anomaly profiles. Figure 3 and Table S3 in the Supplementary Material summarize the resulting correlation coefficient (R 2 ), root-mean-square error (rmse), and standard deviation (std). Furthermore, Table S1 in the Supplementary Material presents the summary of the data plotted in Figure 2 , including the altitude estimations from CALIOP backscatter used as validation for the altitude estimations obtained on RO BA anomaly profiles. Table S2 in Supplementary Materials lists the date and time of each collocated RO profile together with the date and time of the related CALIOP, AIRS, IASI, and GOME-2 acquisitions. In a few cases, given the collocation criteria used (i.e., ±12 h and ±0.2 • ) the same RO profile is collocated with two sensors' acquisitions (between AIRS, IASI, and GOME-2) at different times. This information is important because it gives one further indication that the VC was actually in the same area for several hours.
Results
The VC altitude estimated from the RO BA anomaly profiles and the CALIOP backscatter is generally in good agreement (Figure 2a,b) with a rmse of about 2 km maximum ( Figure 3 ). According to literature, up to three separate layers of volcanic aerosol related to the Kasatochi eruptions have been detected at different times in specific locations [8, 51] . We have not observed multiple peaks on the collocated RO anomaly profiles that could be related to the simultaneous presence of different volcanic aerosol layers. However, Figure 2a shows that the volcanic aerosol was dispersed in at least two layers and that we have detected them in different locations at different times: One between 10 to 13 km and one between 16 to 19 km. The layers, in lighter and darker shades of blue in Figure 2a , are reconstructed from the cloud top and bottom altitude estimation on the collocated CALIOP backscatter. The gray shaded areas at the extremes of the upper dark blue layer in Figure 2a only represents the continuous temporal extension of this layer estimated from non-collocated backscatter in the first days after the eruption and towards the end of August. Figure 2c provides the spatial distribution of the 28 collocations on a map showing the wide VC dispersion. We have observed at least three outlier points (collocation number: 5, 22, and 23, respectively) in the estimations proposed (Figure 2b ). They can be explained as follows: In the case of collocation number 5 by an extremely noisy BA profile; while for collocation number 22 and 23 by a combination of the small horizontal extension of the VC (according to the related backscatter) and the presence of meteorological clouds at 10-12 km detected by the BA anomaly. If volcanic aerosol was included in the meteorological cloud, it might not be discerned by CALIOP, and we cannot state whether the anomaly peak detects the presence of volcanic aerosol within a meteorological cloud. Also, the temporal collocation is in the 12 h range in the latter two cases, which makes the interpretation of the peaks difficult. Figures showing the backscatter image and the collocated BA anomaly profile are shown in the Supplementary Material, Figures S2-S4 , respectively. By considering these three points negligible, a recalculation of the statistical parameters shows an enhanced R 2 of 0.88 and a reduced rmse of 1.08 km compared to the average CALIOP cloud altitude. Moreover, we have resampled the collocations in the ±4-h range reducing our dataset to eight profiles (collocation number: 2, 3, 9, 18, 19, 24, 26, and 28) , but obtaining an enhanced R 2 of 0.92 and a reduced rmse of 1.02 km compared to the average CALIOP cloud altitude. Table S2 in Supplementary Material), the BA anomaly peak at 12 km corresponds very well with the thin layer of volcanic aerosol shown in the backscatter image. Finally, Figure 4 b,d show a collocation on the 18-19 August 2008, just above Iceland. This collocation is peculiar because the satellite CALIPSO passed twice in 24 h in the area. Thus, it double checked the presence of the VC also detected with the BA anomaly, which is temporally collocated in between the two CALIPSO paths. Also, in this case, the BA anomaly peak at 11 km corresponds very well with the presence of the VC on the backscatter images. 
Discussion
Explosive volcanic eruptions can inject large and hazardous amount of gas and volcanic ash in the atmosphere, which may be transported for hundreds of km from the source over several days and weeks after the eruption if they reach the stratosphere. Airplanes are currently recommended to avoid VCs, due to the threat posed by the ingestion of volcanic ash in their turbines. According to, for example, the latest update of the 'Guidance regarding flight operations in the vicinity of volcanic ash' issued by the UK Civil Aviation Authority (CAA) in 2017, it is recommended to consider volcanic ash a solid obstacle to be avoided by flying at least 600 m above it [52] . However, the different detection and dispersion models available often lead to estimated altitude values, which can differ by up to several km [6, 53] . A higher vertical resolution tool for the detection and monitoring of VCs is still needed [18, [53] [54] [55] . GNSS ROs have shown the potential of providing high-accurate atmospheric vertical profiles for the detection of large convective events and from this study show high potential towards operational monitoring of VCs.
The eruption of Kasatochi volcano in 2008 offered the perfect study case to test the GNSS RO potential. The large VC was injected in the local stratosphere and detected by several instruments, both by satellite-based and ground-based instruments and thus accurately studied (e.g., [1, 3, 4, 8, 9, 13] ). By collocating available RO profiles with the acquisitions of AIRS, IASI, GOME-2, and in particular CALIOP we have obtained 28 collocated profiles within 12 h and 0.2 • range tracking the Kasatochi VC for the first 20 days from the eruptive event. The related detection of the VC altitude using the peak of the BA anomaly profiles results in a rmse of~2 km with respect to the cloud altitude from CALIOP backscatter. The rmse reduces to 1.02 km when limiting the collocation range to ±0.2 • and ±4 h. The results are very encouraging; nevertheless, limitations in the methodology need to be taken into account at the present state.
In 2008 the number of RO profiles available was about 2800 per day, at the same time the only available satellite-based lidar was (and still is) CALIOP, which results in the final small number of collocations found and thus determines the uncertainties in our estimations. Furthermore, limiting the number of collocations temporally and keeping only the ones within a ±4 h temporal range from CALIOP, we have reduced our dataset to eight profiles only. However, we have also significantly reduced related altitude estimation errors (i.e., rmse from~2 km to 1.02 km).
Due to the nature of the refraction method, GNSS RO cannot differentiate between VCs and convective clouds. The information on the presence of volcanic aerosol is acquired from satellite sensors working in the visible, UV, and infrared (AIRS, IASI, and GOME-2, for example) and from CALIOP backscatter information. The valuable complementary information of GNSS RO is the detection of changes in the atmospheric refractivity structure and thus the VC altitude with high vertical resolution. Lidar instruments are currently the most accurate source of cloud altitude estimation. However, ground-based instruments are limited to land deployment, while CALIOP is currently the only available satellite-based lidar, and it is reaching the end of its operational lifetime. Given the very lightweight and low costs of a GNSS receiver, it is a straightforward and cheap instrument to implement. The GNSS coverage is already global and including land, oceans, and remote areas, furthermore, with the launch of COSMIC-2 and several other private missions in recent time, the number of RO is increasing, further improving the monitoring of extreme atmospheric events. The broader sensor coverage will also provide a higher temporal resolution resulting in a more precise VC altitude detection as well as broader horizontal coverage, also enabling the detection of smaller eruptions.
Conclusions
We have investigated the 2008 Kasatochi VC using GNSS RO BA anomaly profiles to test the potential of the proposed methodology in VCs detection and altitude estimation. By combining RO and more typical VC dispersion monitoring sensors like AIRS, IASI, GOME-2, and CALIOP, we have tracked the VC for 20 days after the eruption of Kasatochi, and we have estimated its altitude with a rmse of about 2 km when compared to estimations on CALIOP backscatter within ±0.2 • and ±12 h. Moreover, we have reached a final rmse of 1.02 km when compared to estimations on CALIOP backscatter in the ±4 h temporal range.
Currently, CALIOP backscatter, with a vertical resolution of 60 m, provides the highest accuracy cloud altitude estimations. However, CALIOP by itself has a small spatial and temporal coverage. Taking into account the limitations and advantages of GNSS RO presented, the Kasatochi eruption is a starting point that allows the development of a routine to detect and track VCs using the synergy of different satellite-based imaging techniques and the GNSS RO. Thus, providing broad coverage and maintaining a high vertical resolution on cloud altitude estimations. The final goal is to create a robust dataset of significant and energetic eruptions, i.e., at least VEI 3 since 2006 and train a neural network capable of automating the VC altitude estimation, thus enhancing the current cloud monitoring capabilities.
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